H OH OH H
, and a high R R spectroscopies ( H, 13 C, and 31 P NM spectoscopies [19] [20] [21] , and two-dimensional NM sphorochloridate 3 , C 6 H 4 ClO 3 P have so far been d as phosphorylating agents of organic 31 P-1 H HMBC 24 ). In the present review po he other functional sphorylation.
In addition, the experimental ration of phosphorylation with these agents was emely complicated. odium cyclo-triphosphate (also called etaphosphate), Na 3 P 3 O 9 (P 3m ), was first prepared Fleitmann and Henneberg in 1848 4 . P 3m is a ple inorganic phosphate which has a membered ring and can be easily prepared by ing sodium dihydrogen orthophosphate dihydrate, 2 PO 4 · 2H 2 O, at 530 ºC 5, 6 . Because it has no perty of metal ions chelating and buffer action, it not been applied until now. uimby and Flautt 7 reported in 19 ily undergoes in the presence of amm
RESULTS AND DISCUSSION

Reaction of monosaccharides and P 3m
The phosphorylation of D-glucose with P 3m w easily performed in aqueous solution.
We demonstrated that the reaction of D-glucose with P 3m afforded β-D-glucose 1-triphosphate in good yield in a one-step process without protection of the hydrox groups 25 . Although D-glucose exists as t equilibrium mixture of α and β anomers under t reaction conditions, only β-D-glucose 1-triphosphate (β-D-Glc 3P ; 1) was stereoselectively obtained.
dotriphosphate. After that it was reported that reacts with alkylamine 8 , 1,6-hexanediamine 9 , and no acids [10] [11] [12] to yield novel compounds with P-N d in their molecules. eldmann reported in 1966 that P 3m reacts with nols to form their triphosphate derivatives 13 . He studied the reaction of alcohols with P 3m 14 . ently, Tsuhako et al. have showed that P 3m easily sphorylated hydroxyl groups on sugars in aqueous tion 15 . uring the β-D-glucose 1-triphosphate (β-D-Glc 3P ; 1) sphorylating agents have been accelerated by the opment of the analytical tools for the ultaneous determination of inorganic and organic sphates, such as high-performance liquid matography (HPLC) coupled with the on-line TABLE 1 summarizes the yields of 1 und various reaction conditions. The yields increas with the increase in the initial concentration D-glucose. The yields of 1 decreased gradual with the decrease of pH, e.g., 44 .5 % at pH 1 t is important to apply this st β-β sphorylation reaction to other monosaccharides in er to shed light upon the reaction mechanism.
-D-Rib 3P (5) (TABLE  2) . Furthermore, the high population of β anomer under the reaction conditions induces the yield of more than 30 %. In the case of the β form of D-ribose, high yield is expected because the trans conformation of the hydroxyl groups at C-1 and C-2 is similar to those of D-allose, D-galactose and D-xylose. However, the yield of 5 was not high of a low population of the β form r equilibrium conditions and the existence of furanose forms 21 of each anomer of D-aldose used as esti ted from 1 H NMR. From these results, it is suggested that the main anomer, that is, the energetically stable β anomer, is selectively pho orylated with P 3m .
O he other hand, the reactions of D-glucose deri tives substituted at 2-OH of D-glucose with P 3m pro d β-D-glucosamine 1-triphosphate (β-D-GlcN 3P; 11) and 2-deoxy-β-D-glucose 1-triphosphate (2-deoxy-β-D-Glc 3P; 12) as shown in TABLE 4. The riphosphate derivatives were low yields. 2-Fluoro-2-deoxy-D-glucose did not react with P 3m at all. TABLE 4 Yields of the products of D-glucose derivatives and anomer ratio of pyranose forms in droxyl groups C-1 and C-2 in the forms, their tivities with P 3m are low, probably due to the l arrangement of their hydroxyl groups at C-2 28 . he reactivity of D-aldoses strongly depends on the figuration of the hydroxyl groups at C-1 and C-2 the proportion of their anomers. The reaction of ldoses and P 3m proceeds without difficulty when hydroxyl groups at C-1 and C-2 are in an atorial position. n order to clarify the m os elective reaction at 1-OH of D-glucose, the sphorylation of D-glucose derivatives in which neighbor of the reaction site, that is, the CH 2 OH up at C-5 or OH group at C-2 is exchanged by r function groups, was examined. The reaction 
Reaction of di-and trisaccharides and P 3m
The reaction of cellobiose, lactose, maltose sucrose, or α, α-trehalose with P 3m was studied develop the selective phosphorylation disaccharides in aqueous solution. Phosphorylatio was carried out essentially according to the previo method 25, 26, 29 .
In the phosphorylation of cellobiose or lactose with he maximum yields are summarized in TABLE 5 er the optimum conditions for the sphorylation of disaccharides with P 3m . This cates that the high reactivity of maltose and rose are attributable to their higher solubility in er, and two products were observed, respectively. the other hand, cellobiose, lactose, and α, ehalose gave one phosphorylated product. We demonstrated that 2-OH on the maltose could be readily phosphorylated by P 3m 34 . Maltotriose which has two α-1,4-linkage was examined. The synthesis of maltotriose triphosphate was carried out otriose. As shown cts 21-25 were 25, 26, 29 . FIGURE 4 shows the structures of the phosphroylated products of malt in FIGURE 4, the produ In the pho ylation reaction of α-and γ-CD with P 3m , the trip iden pho T rein iden 2-O has com in lim cyc the bon dextrin through (1→ -α-glucopyranosidic linkage.
ince the H signals of them could not separated. In the phosphorylation of D-glucose, tose, and maltotriose, the yields of the sphorylated products at 1-OH on the reducing decreased with the increase of the nonreducing . owever, the total yields for maltose and totriose are comparable to D-glucose. Although reactivity at 1-OH decreases with the increase of number of nonreducing units, the reactivity at H site in nonreducing units increased. This fact lies the possibility of the phosphorylation of saccharides with higher degree of merization. -and γ-cyclodextrins (α-and γ-CD) which have 6 8 glucose units, reacts with P 3m to form sphate est sphor resultant products were their monophosphate and hosphate esters. However, it was impossible to tify and assign the structures of the sphorylated products at that time. he reaction of α-CD or γ-CD with P 3m was vestigated, and the products were definitely tified to be 2-O-triphospho-α-CD (26) and -triphospho-γ-CD (27) . β-Cyclodextrin which 7 glucose units can include a variety of guest pounds, and the various applications are expected many fields. However, the application was ited due to its low solubility in water. Branched lodextrins have higher solubility in water due to ce of the branched glucopyranosyl redidue 6-O-α-maltosyl-β-cyclodextrin (mono-G 2 -β-CD), with P 3m was studied. The products 28-31 were similarly identified. The phosphorylation products 28-31 were verified to
. Therefore, branched cyclodextrins ar stereoselectively phosphorylated with P 3m in aqueou solution to form 28-31 37 . In the case of mono-and disaccharides, t maximum yields were saccharides (TABLES 1-5).
e s he attained in the excess of However, the maximum yields of 2-O-triphospho-α-and γ-CD were obtained under the condition of excess P 3m . m yield and its time suggested that the ns for the phosphorylation of α-e The maximu optimum conditio and γ-CD with P 3m are the molar ratio of α-and γ-CD : P 3m = 1 (0.15 M) : 3 (0.45 M), and 10 ºC. its six-membered ring (SCHEME 2). The reac ity of cyclodextrins strongly depends on the acid of the hydroxyl groups at C-2, C-3, and C-6. The secondary hydroxyl group 2-OH has the highest acidity (pKa 12.2) in the α-D-glucopyranosyl group 46 .
In the reaction of cyclodextrins with P 3m , the 2-OH of the glucopyranosyl group of cyclodxtrin ring was phosphorylation mechanism of saccharides he phosphorylation mechanism of reducing harides with P 3m is proposed to be as follows. pH 12, P 3m is easily attacked by nucleophilic ents such as amine 38 , nucleoside 39 , amino [40] [41] [42] , phenols 43 , and aminoalcohol 44, 45 . The lone tron pair on the anomeric hydroxyl group of cing β-D-glucopyranose nucleophilically attacks osphorus atom on P 3m to open its six-membered (SCHENE 1).
The phosphorylation of harides with 1-OH of the reducing unit was nd to be possible similar to D-glucose. 
cyclo-Triphosphate
(P 3m ) can successful phosphorylate organic and bioorganic compounds a one-step process without protection of t functional groups in aqueous solution under the mi conditions. In the phosphorylation of saccharides, which have several OH groups, the stereoselecti synthesis was performed. The reaction of D-gluco with P 3m afforded β-D-glucose 1-triphosphate in goo yield in a one-step process. The phosphorylation of disaccharides with 1-OH of the reducing unit w HEME 1 Reaction mechanism of lactose with P 3m
Nonreducing disaccharides were also phosphorylated in spite of the lack of a 1-OH group. he phosphorylation mechanism of cyclodextrins P 3m is formulated as follows. The lone electron on 2-OH of the α-D-glucopyranosyl group leophilically attacks a phosphorus atom on P 3m to oligosaccharides had the ability to form a solub complex with calcium and had an inhibitory effect o the formation of calcium phosphate precipita Moreover, phosphoryl oligosaccharides effectivel enhanced remineralization of enamel and dent lesion. From the point of chelating of calcium them, triphosphoryl saccharides lead to an n tiv ity 
